This study was performed to examine whether prenatal exposure to bisphenol (BP) A analogues, BPE and BPS, negatively impacts male reproductive functions and testis development using mice as a model. CD-1 mice were orally exposed to control treatment (corn oil), BPA, BPE, and BPS (0.5, 20, or 50 mg/kg/day) from gestational day 11 (the presence of vaginal plug ¼ 1) to birth. Although sperm counts were significantly reduced by BPA, BPE, or BPS on postnatal day (PND) 60, only BPE or BPS exposure remained low for sperm motility. Exposure to BPA, BPE, and BPS disrupted the progression of germ cell development, as morphometric analyses exhibited an abnormal distribution of the stages of spermatogenesis. Furthermore, BPS with a dose of 50 mg/kg/day increased a level of serum estradiol-17b in adult males. On PND12, BPE and BPS significantly increased TUNEL positive cells in neonatal testis, following disruption of the expression of apoptosis, autophagy, and oxidative stress-related factors. In addition, the expression of methyltransferases for DNA methylation and histone modification was also affected by prenatal exposure to BPA, BPE, or BPS in neonatal testis. These results suggest that prenatal exposure to BPE and BPS with physiologically relevant doses affects male reproductive functions probably due to spermatogenic defect in the developing testis.
two methyl groups are replaced to two sulfonyl moieties. BPE has two phenol groups and one methyl group, which is structurally quite closer to BPA. BPS is widely used in personal care products and canned foods Kannan, 2013, 2014) . BPS is also present in paper products, and thermal receipt papers could be a source of occupational exposure to BPS for cashiers (Thayer et al., 2016) . Furthermore, human exposure of BPS has been confirmed through urine analysis (Liao et al., 2012; Thayer et al., 2016; Zhou et al., 2014) , and its effects on human health have been suggested. Although there are fewer reports concerning BPE, it has been detected in sewage sludge (Song et al., 2014) , aquatic organisms , and paper products (Jurek and Leitner, 2017) . BPE also possesses potent effects on estrogen and androgen receptor activities (Rosenmai et al., 2014) . Recent evidence suggests that BPS alters embryonic nervous and endocrine systems in zebrafish (Ji et al., 2013; Kinch et al., 2015; Qiu et al., 2016) . BPS affects lactating mammary glands and nursing behavior in mice (Catanese and Vandenberg, 2016; LaPlante et al., 2017) . BPS elicits reproductive and germline toxicity in Caenorhabditis elegants (Chen et al., 2016) . A few reproductive studies in male mammals have also indicated that BPS causes oxidative stress and antiandrogenic effects similar to those of BPA (Eladak et al., 2015; Ullah et al., 2016) . Exposure to BPA and its analogues including BPS and BPE in human testis explant dose-dependently inhibits testosterone in culture medium (Desdoits-Lethimonier et al., 2017) . Therefore, we examined effects of prenatal exposure to BPA analogues (BPS as one of the well-known BPA alternatives, and BPE as its structure is quite similar to BPA, as well as BPA as a positive control) on male reproductive development and functions.
In the present study, we report that prenatal exposure to BPE and BPS impairs spermatogenic output and motility, and steroid hormone levels in adult male mice. Furthermore, BPE and BPS induce apoptosis and alteration of gene expression related to apoptosis, autophagy, oxidative stress, and epigenetics in neonatal testis. These results suggest that prenatal exposure to BPA analogues (BPE and BPS) affects testis development and disrupts adult reproductive functions in males.
MATERIALS AND METHODS
Chemicals. BPA (239658), BPE (04487), and BPS (103039) were purchased from Sigma-Aldrich (St. Louis, MO). Tocopherol-stripped corn oil (ICN90141584) was purchased from Fisher Scientific, Hampton NH. BPA, BPE, and BPS were first dissolved in 100% ethanol, and then diluted in tocopherol-stripped corn oil as previously described Ziv-Gal et al., 2015) .
Animals and study design. CD-1 mice were purchased from Charles River (Wilmington, MA), and maintained in the vivarium at Southern Illinois University according to the institutional guidelines for the care and use of laboratory animals. Female mice at 7-8 weeks were mated with male breeders. Beginning on gestational day 11 (GD11, the presence of vaginal plug ¼ 1), pregnant females were randomly assigned to 10 different treatment groups: vehicle control, or 0.5, 20, or 50 mg/kg/day doses of either BPA, BPE, or BPS. BPA at 0.5 mg/kg/day mimics the estimated human environmental exposure (Rochester and Bolden, 2015; USFDA, 2009) and 50 mg/kg/day has been reported as a safe dose of BPA as referenced by the US EPA (Rubin, 2011) , and prenatal exposures to BPA in this range elicits abnormalities in reproductive capacity in F1-F3 mice (Berger et al., 2016; Mahalingam et al., 2017; Wang et al., 2014; Ziv-Gal et al., 2015) . Dosing volume was determined by the weight of the dam, and vehicle, BPA, BPE, or BPS (n ¼ 5/group) was given orally, to mimic human exposure, by placing a pipette tip containing the selected dose in tocopherol-stripped corn oil into the mouth once a day from GD11 to birth . Body weight gain of dams were measured daily. At delivery, pups were sexed, and the size of each litter was adjusted to 10 pups with 5 males and 5 females.
Male pups, 2-3 from each litter were euthanized on PND12 or PND60. Note: The results obtained from pups from same litter were averaged and used as one representative data point for statistical analyses. Thus, a total of n ¼ 5 (dam number)/group was statistically analyzed. Body and paired testes weights were recorded. One testis was homogenized with Trizol for RNA isolation, and one was fixed in Bouin's for histological analysis. Apoptotic germ cells were identified by TUNEL assay (S7160; Millipore, Burlington, MA). Blood from pups on PND60 was collected by cardiac puncture, and serum was stored at -20 C for hormone assays. Serum levels of estradiol-17b (E2, sensitivity 3 pg/ml) or testosterone (T, sensitivity 90 pg/ml) were measured by ELISA (E2: EIA4399, and T: EIA1559, DRG International, Mountainside, NJ, Diagnostics) following the manufacturer's instructions. Caudal epididymis from PND60 pups was collected for sperm counts.
Sperm counts. Sperm counts were performed as described previously (Welborn et al., 2015) . Briefly, caudal epididymis was dissected and placed in 500 ml of EmbryoMax, Fisher Scientific heated to 37 C. Tissue was splayed open using a back-cutting method and then left undisturbed for 30 s (giving sperm time to escape into liquid). Subsequently, 5 ml of sperm-containing liquid was diluted in 45 ml of EmbryoMax, and 10 ml of this dilution was placed in the center of a Cell-Vu sperm counting cytometer. Motile and nonmotile sperm were counted to determine sperm motility and differences in total sperm populations.
Quantitative real-time PCR analysis. Total RNA was isolated from PND12 or 60 testis. RNA quality was assessed by spectroscopy, and the cDNA was synthesized from total RNA (1 mg) using high-capacity cDNA reverse transcription kit. Quantitative real-time PCR was performed using a CFX96 (BioRad, Hercules, CA) with SYBR Green as the detector according to the manufacturer's recommendations. Primers (Supplementary Table 1) were designed to amplify exon-spanning cDNAs of around 150 bp, and all exhibited similar amplification efficiency (95 6 3%). Threshold cycle (C T ) values were determined as the cycle number at which the threshold line crossed the linear extrapolation of the amplification curve. Background signals were established with -RT negative control templates. After amplification, the specificity of the PCR was determined by both melt-curve analysis and gel electrophoresis. Data were normalized against Rpl19 and are shown as the average fold increase 6 standard error of the means (SEMs). The fold changes are equivalent to 2 x-y , where x is the C T value of the control and y is the C T value of treatments.
Statistical analysis. Data were analyzed using Prism5.0. All data are presented as mean 6 SEM. For analyses involving ten groups, one-way ANOVA and Dunnett's post hoc test was employed when comparisons were made between a control group and more than one experimental group to identify differences between individual means. All data met necessary criteria for ANOVA analysis including equal variance as determined by Bartlett's test. P value less than 0.05 was considered to be statistically significant.
RESULTS

Effects of BPA, BPE, and BPS on Reproductive Functions
To investigate the effect of prenatal exposure to BPS/BPE on male reproduction, we first examined body and testis weights, sperm counts and motility at PND60 (Figure 1 ). Prenatal exposure to BPA, BPE, or BPS at any dose did not affect body weight, testis weight, and the ratio of testis and body weight (Figs. 1A-C). Mean sperm counts (5.6 6 0.3 Â 10 6 /ml) were significantly reduced in most treatment groups (expressed as % of control), 71% and 59% by BPA (0.5 and 20 mg/kg/day, respectively), 60%, 64%, and 69% by BPE (0.5, 20, and 50 mg/kg/day, respectively), and 66% and 55% by BPS (0.5 and 20 mg/kg/day, respectively) ( Figure 1D ). In contrast, BPA (50 mg/kg/day) and BPS (50 mg/kg/day) did not alter sperm counts. Mean sperm motility was decreased to $60%, relative to controls (71.5 6 1.1%), following BPE (50 mg/kg/day) or BPS (0.5 mg/kg/day) exposure, but not significantly altered in other dosage groups ( Figure 1E ). 
Effects of BPA, BPE, and BPS on Spermatogenesis
The spermatogenic cycle of the seminiferous epithelium consists of 12 distinct stages of germ cell development. To examine whether this was compromised by prenatal exposure to BPA, BPE or BPS, we quantified the distribution of testis tubule stages (Figure 2) as described previously (Welborn et al., 2015) . Exposure to BPE (0.5 mg/kg/day) increased the proportion of tubules in stages I-VI and concomitantly decreased at stage VII. There was a significant reduction of the percentage of tubules at stage VII after BPA (20 mg/kg/day) and BPS (50 mg/kg/day) exposure and subsequently more tubules at stage VIII. BPA (0.5 mg/kg/day) elicited a higher percentage of stage VIII tubules, although the reduction of stage VII tubules in this group did not reach significance. No treatments significantly altered the distribution of stages IX to XII.
Effects of BPA, BPE, and BPS on Steroid Hormones and Steroidogenic Enzymes
Because BPA is a known endocrine disruptor, we examined serum E2 and T ( Figure 3A) , as well as mRNA expression of steroidogenic enzymes in the testes ( Figure 3B ) at PND60. Serum E2 levels were significantly increased following BPS (50 mg/kg/day) treatment compared with control animals. However, serum T levels were not affected by any treatments. The mRNA expression of Star was significantly increased by BPE (0.5 and 20 mg/kg/day) and BPS (0.5 and 20 mg/kg/day) compared with that of control testis. Cyp11a1 expression in the testis increased $2-fold after BPE (0.5 and 20 mg/kg/day) and BPS (0.5 and 50 mg/kg/ day) exposure. Furthermore, BPA (50 mg/kg/day) and BPE (20 mg/ kg/day), or BPS (50 mg/kg/day) significantly increased Hsd3b1, or Cyp19a1, respectively.
Effects of BPA, BPE, and BPS on Neonatal Testis As prenatal exposure to BPS/BPE reduced sperm number and quality in adult males, we sought to determine whether testis development was altered by examining the first wave of spermatogenesis. We analyzed the effects prenatal exposure to BPA, BPE, and BPS on neonatal testes at PND12, as germ cells initiate differentiation after birth by a series of mitotic spermatogonial divisions, then eventually enter meiosis to form the first spermatocyte population around PND12 (Saitou and Yamaji, 2012) . Prenatal exposure to BPA, BPE, or BPS at any dose did not affect body weight at PND12 ( Figure 4A ), whereas BPA (0.5 mg/kg/day) increased testis weight, as well as the ratio of testis and body weight (Figs. 4B and 4C). Next, we examined whether low counts were from elevated cell death due to meiotic defects using TUNEL analysis. TUNEL-positive cells were most likely germ cells based on their luminal localization within testis tubules ( Figure 5A ). A significantly larger proportion of tubules exhibited TUNEL-positivity and therefore increased apoptosis, in BPA (20 and 50 mg/kg/day), BPE (0.5, 20, and 50 mg/kg/day), and BPS (0.5, 20, and 50 mg/kg/day) treated animals. Furthermore, a higher number of TUNEL-positive cells per tubule were observed following BPE (0.5, 20, and 50 mg/kg/day), and BPS (0.5 and 50 mg/kg/ day) treatment ( Figure 5B ). However, germ cell numbers were not significantly different among the treatment groups. In addition, we did not observe any significant differences of TUNELpositive cells in the testes on PND60 (data not shown).
Effects of BPA, BPE, and BPS on Neonatal Testis Gene Expression
Because apoptosis was induced in neonatal testis by prenatal exposure to BPE/BPS, we examined the expression of multiple factors related apoptosis, autophagy, oxidative stress and epigenetics in neonatal testis. Although the TUNEL-positive cells were most likely germ cells, Stra8, a marker of premeiotic germ cells, was not affected by BP treatment. Furthermore, BPs did not affect mRNA levels of Sox9, a Sertoli cell marker, and Rhox5, an androgen-dependent Sertoli cell marker ( Figure 6 ). However, gene expression of apoptotic factors was affected by BPs ( Figure 7 ). When cells are stressed, mitochondria release cytochrome C to the cytosol, where it binds and activates an adaptor protein, APAF-1 (Elmore, 2007) . Regulation of these apoptotic mitochondrial events is controlled by intrinsic pathway factors of the Bcl-2 family (Cory and Adams, 2002) . We observed decreased mRNA levels of Bad by BPE (20 and 50 mg/kg/day) and BPS (0.5, 20, and 50 mg/kg/day) and Bax by BPA (0.5 mg/kg/day), BPE (0.5 and 20 mg/kg/day) and BPS (0.5, 20, and 50 mg/kg/day), whereas Bak1, Bcl2, and Bcl2l1 were not affected by BPs. Apaf1 and Cycs were increased by treatments of BPE (0.5 mg/kg/day), and BPA (0.5 mg/kg/day), BPE (0.5 and 50 mg/kg/day), and BPS (0.5 mg/kg/day), respectively. Fasl, an extrinsic pathway factor that initiates apoptosis involving transmembrane receptormediated interactions (Elmore, 2007) , was not regulated by BPs. Autophagy plays a role during spermatogenesis, and Sertoli cell-specific knockout of autophagy-related protein (Atg5 or Atg7) causes subfertility in mice (Liu et al., 2016) . In the present study, we observed that both Atg5 and Atg7 were decreased by all doses of BPA, BPE, and BPS (Figure 8 ). Atg3 and Atg16l1 were decreased by BPE and BPS (20 and 50 mg/kg/day), and 20 mg/kg/ day of both BPA and BPS, respectively. Conversely, Atg12 was increased by BPE (0.5 and 50 mg/kg/day).
Germ cells are vulnerable to oxidative stress and its increase triggers apoptosis (Aitken and Roman, 2008; Asadi et al., 2017) . We found key oxidative stress responding genes (Figure 9) , Cat, Gpx4, and Sod2 were inhibited by all doses of BPA, BPE (50 mg/kg/ day) and BPS (0.5 and 20 mg/kg/day), BPE (20 and 50 mg/kg/day) and BPS (0.5 mg/kg/day), and BPA (0.5 and 20 mg/kg/day) and all doses of BPE and BPS, respectively. However, Gsr and Sod1 were increased by BPE (0.5 mg/kg/day), and BPA (50 mg/kg/day), BPE (50 mg/kg/day) and BPS (20 mg/kg/day), respectively. As BPA and other EDCs disrupt epigenetic programming (Wu et al., 2015) , that is necessary for spermatogenesis (Godmann et al., 2009; Trasler, 2009) , we examined DNA methylation and histone modifying factors. Three active mammalian DNA methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b were affected by BP exposure. BPS (20 or 50 mg/kg/day) increased Dnmt1 or Dnmt3b, respectively, whereas, BPE (0.5 mg/kg/day) decreased Dnmt3a in neonatal testis. However, DNMT3A's cofactor Dnmt3l was not affected by any BP treatments. The effects of BPs on histone methyltransferases, Set1a, Set1b, MLL family members, Dot1l, and Ezh2 with its associated proteins (Eed and Suz12) were also examined. Setd1a was decreased by both BPE and BPS (0.5 mg/kg/ day), and Setd1b was inhibited by all doses of BPs. Kmt2b (MLL4) and Kmt2d (MLL2) were increased by BPA (50 mg/kg/day), and BPE (0.5 and 20 mg/kg/day), respectively. Although Kmt2c (MLL3) was not affected, Kmt2e (MLL5) and Suz12 were inhibited by most of BPA, BPE, and BPS, except BPA (50 mg/kg/day). Ezh2 and Dot1l were increased by BPE (0.5 mg/kg/day), and BPE (0.5 and 20 mg/kg/ day) and BPS (20 and 50 mg/kg/day), respectively. Eed was not affected by any BP treatments (Figure 10) . 
DISCUSSION
Toxic impact on human health have led Canada, European Union, and United States to prohibit BPA usage in food packaging and containers, baby bottles and/or children's drinking cups (Wu et al., 2018) . Because of these restrictions, BPA analogues have been used as substitutes for BPA and are now detected in several consumer products and in the environment. Including our findings, there are increasing evidences of general toxic effects of BPA analogues as replacement plasticizers (Catanese and Vandenberg, 2016; LaPlante et al., 2017; Rochester and Bolden, 2015) . In the present study, we examined adult reproductive function and neonatal testis development in male mice prenatally exposed to BPA, BPE, and BPS. We found that the alternative compounds BPE and BPS reduced sperm counts similarly to BPA, which served as a positive control for our treatment regimen. However, unlike BPA, sperm motility was also affected. Importantly, prenatal exposure with lower doses (between an estimated human exposure and a reported safe Figure 6 . Effects of BPA, BPE, and BPS on germ and Sertoli cell markers in neonatal testis. Relative mRNA expression levels of germ cell-specific Stra8, Sertoli-specific Sox9 and Rhox5 in the testis were analyzed by qPCR (n ¼ 5/group) as in Figure 3 . Figure 7 . Effects of BPA, BPE, and BPS on apoptotic factors in neonatal testis. Relative mRNA expression levels of Apaf1, Bad, Bak1, Bax, Bcl2, Bcl2l1, Cycs, and Fasl in the testis were analyzed by qPCR (n ¼ 5/group) as in Figure 3. dose of BPA) are enough to disrupt seminiferous epithelium differentiation in male. Further, sperm production and quality are more severely affected by BPE and BPS than BPA, suggesting that the safe dose of BPE or BPS is likely lower than that of BPA.
Our analysis of the spermatogenic cycle revealed BPA, BPE and/or BPS treatment induces altered transition through stages I-VI, VII, and VIII, prior to spermiation. Spermiation is the process by which mature spermatids are released from the supporting Sertoli cells into the lumen of the seminiferous tubule (O'Donnell et al., 2011) . Our results showed that BPE induces an apparent pause between stages I-VI and VII, and that BPA and BPS exposure reduces the transition between stages VII and VIII. Thus, the effect of BPs on the seminiferous epithelium are marked by alteration of androgen-dependent developmental processes prior to spermiation. However, after spermiation is completed, germ cell development appears to proceed normally (ie, normal distribution of stages IX-XII). Although inappropriate accumulation of tubules in stages I-VI, VII, and VIII might also result from abnormally elevated hormone levels, serum T was normal and E2 levels were only increased by BPS (50 mg/kg/day). The balance between germ cell proliferation, differentiation and apoptosis is critical for spermatogenesis. BPA exposure is known to induce apoptosis, DNA damage and meiotic errors to impair reproductive function (Allard and Colaiacovo, 2010; Peretz et al., 2014) . In the present study, prenatal exposure to BPE and BPS increased TUNEL positive cells in neonatal testis, whereas TUNEL positive cells were few in the control testis on PND12. A recent study using C. elegans found both BPA and BPS exposure increase embryonic lethality and decrease fertility, due to an apoptotic response resulting in germline nuclear loss in late pachytene spermatocytes and that BPS caused a stronger response than BPA (Chen et al., 2016) . Thus, our results support previous studies and suggest that BPE and BPS in addition to BPA can cause meiotic errors in the developing testis. As Cycs and Apaf1 were stimulated by BPs, cell damage is likely occurred by disruption of mitochondrial apoptotic events. The intrinsic mitochondrial pathway is mainly regulated by Bcl-2 family members (Cory and Adams, 2002) . However, proapoptotic Bad and Bax were strongly inhibited by BPE and BPS, whereas antiapoptotic Bcl2 and Bcl2l1 (Bxl-xL) were not affected. Thus, the results indicate that exposure to BPE and/or BPS affects the balance of intrinsic apoptotic pathway leading to mitochondrial disfunction.
Autophagy is a membrane-trafficking process by which cytoplasmic material is delivered to lysosomes for degradation. Autophagy is necessary for spermatogenesis, especially in postnatal testis during the first wave of spermatogenesis (Zhang et al., 2016) . In the initiation stage of autophagosome formation, a ubiquitin-activating enzyme, ATG7, activates ATG12 and then facilitates ATG12-ATG5-AT16L1 complex, which can act as a E3 ubiquitin ligase (Nakatogawa, 2013) . Autophagy in Sertoli cells is essential, as deletion of Atg5 or Atg7 in Sertoli cells produces abnormal sperm resulted in infertility or subfertility, respectively (Liu et al., 2016) . Our results showed that ATG members, specifically, Atg5 and Atg7 were sensitive to BP exposure. Thus, inhibition of autophagy function in the testis by BPs might cause the disruption of cell growth and development.
Germ cell proliferation, differentiation, and spermiation requires high rates of mitochondrial oxygen consumption (Aitken and Roman, 2008) . However, oxygen tensions within testis tubules is low due to poor vascularization (Free et al., 1976) . Thus, antioxidant defense mechanisms are important to protect testicular cells from oxidative stress (Aitken and Roman, 2008) . Reactive oxygen species (ROS) can be generated from mitochondrial stress (Kumagai et al., 2002; Zangar et al., 2004) . These ROS need to be eliminated by enzymes including SOD, GPX, and CAT to prevent the induction of oxidative damage to lipids, proteins and DNA. However, it is known that BPA induces ROS production and DNA breaks lowering sperm quality (Minguez-Alarcon et al., 2016) . The present results showed that BPE and BPS exposure inhibited Cat, Gpx4, and Sod2 in the neonatal testis, whereas Sod1 tended to be increased by BP exposure. Although SOD1 responds to testicular heat stress (Ishii et al., 2005) , the importance of SOD2 has been reported to control O 2 -leakage from testicular mitochondria (Gu and Hecht, 1996) .
Furthermore, SOD2 is developmentally regulated with high levels of expression in early postmeiotic germ cells (Gu and Hecht, 1996) , suggesting that BPE and BPS alter antioxidant enzyme activity leading to increased oxidative stress in the testicular microenvironment. Prenatal exposure to EDCs during fetal development and early postnatal life have been shown to promote infertility due to alterations of epigenetic programming of the germline (GuerreroBosagna and Skinner, 2014; Nilsson and Skinner, 2015) . Prenatal exposure to BPA can induce epigenetic inheriting disease and alternation DNA methylation in sperm (Manikkam et al., 2013) . Furthermore, prenatal exposure to BPA at physiologically relevant doses alters expression and methylation status of imprinted genes in the mouse embryo and placenta (Susiarjo et al., 2013) . Our results showed that histone methyltransferases, Set1b and Kmt2e (MLL5), and Suz12, a cofactor of EZH2, were inhibited by BPA and BPE, and BPS exposure, respectively. DNA methyltransferases were also affected by BPS, suggesting that prenatal BPE or BPS exposure potentially alter epigenetic regulation.
Collectively, the findings of the present study indicate that prenatal exposure to BPS/BPE causes spermatogenic defects in the developing testis that lead to eventual reduction of sperm production and quality in adult (Figure 11 ). To understand their complete impact on male fertility, a study of transgenerational effects of BPE and BPS is required and is currently underway, as prenatal exposure to BPA can affect reproductive functions in F3 offspring (Berger et al., 2016; Manikkam et al., 2013; Ziv-Gal and Flaws, 2016; Ziv-Gal et al., 2015) .
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